Objective: To determine the associations between classes of antihypertensive medication use and the risk of cognitive impairment among elderly hypertensive men.
inhibitors, and did not evaluate the effects of b-blockers (BB). Limited data from observational studies suggest that BB use may slow cognitive decline 17, 18 and possibly prevent dementia, 19 while others have found divergent results. 20 The current study examines the association between antihypertensive drug class and the risk of cognitive impairment in a large prospective cohort of elderly Japanese American men.
METHODS Study population. The HAAS is a prospective cohort of 3,374 Japanese American men followed since 1965 as part of the Honolulu Heart Program (HHP). Study details have been described previously. 21, 22 The HHP included 8,006 men of Japanese ancestry born 1900-1919 who were residing on Oahu, Hawaii, at the time of the first examination (1965) (1966) (1967) (1968) . Two additional HHP examinations occurred through 1975. The HAAS was established in 1991 as a continuation of the HHP to study aging-related conditions, with a focus on brain diseases (figure 1; HHP examination 4 corresponds to the baseline HAAS examination). Subsequent HAAS examination cycles occurred every 2-3 years after the baseline, with the last examination completed in 2010. Information was collected through standardized cognitive, physical, and laboratory evaluations, and structured interviews on participant characteristics, including demographics, medical history, education, and lifestyle.
At the HAAS baseline (examination 4), 3,734 men were evaluated with the Cognitive Abilities Screening Instrument (CASI). Participating men were aged 71-93 years and represented ;80% of the surviving cohort. 23 Our analyses exclude men for whom baseline data on diastolic blood pressure (DBP) and SBP (n 5 4) or medication use (n 5 8) were missing. For men not taking antihypertensive medication, we excluded those who at baseline were normotensive (SBP ,140 mm Hg and DBP ,90 mm Hg; n 5 823), since the purpose of this analysis was to compare outcomes among hypertensive participants. Also excluded were those identified at baseline as having dementia (n 5 155), those with baseline CASI scores ,74 (n 5 276), and those without death information prior to the second examination who were also missing all follow-up cognitive evaluations (n 5 230). We additionally excluded 41 men taking nitrates and no other antihypertensive medication. Men using nitrates alone were more likely to have cardiovascular disease (CVD) than others (75.6% vs 22.9%, p , 0.001) and had lower baseline blood pressure (mean SBP, 140 vs 156 mm Hg, p , 0.001; mean DBP, 76 vs 82 mm Hg, p , 0.001). The following analyses included the remaining 2,197 men.
Standard protocol approvals, registrations, and patient consents. The Kuakini Medical Center institutional review board reviewed and approved this study. All participants or their representatives provided written informed consent.
Exposures. Antihypertensive medication use was determined by evaluation of medications brought to the HAAS baseline visit (examination 4), supplemented by self-report and telephone follow-up when appropriate. Medications were classified according to their mechanism of action and individual or combined use: BB, ACE inhibitors, diuretics, calcium channel blockers, vasodilators (a-blockers, hydralazine, clonidine, etc.), BB with any other antihypertensive drug, and all other antihypertensive combinations. The reference group comprised hypertensive men not taking any antihypertensive medication. We used 3 drug categories when sample sizes were limited in subgroup analyses: any BB (with or without other drugs), all other antihypertensive medications, and no drug use (reference category). Medication use was also self-reported at examination 6 (1997-1999) . For these analyses, categories examined were: BB used at both the fourth and sixth examinations (with or without other antihypertensive medications), any other antihypertensive medication use at both examinations, and no drug use at both examinations.
Covariates. Covariates assessed at the HAAS baseline included age (years, continuous), SBP (mm Hg, continuous; the mean of 2 seated readings), pulse pressure (PP, mm Hg, continuous [SBP-DBP]), heart rate (HR, beats/minute, continuous; from the ventricular rate on ECG), duration of any antihypertensive medication use (,/$5 years), body mass index (BMI, kg/m 2 , continuous), cigarette smoking (never, past, current), alcohol consumption (0, .0-2, .2 drinks/day), physical activity index (tertile), 24 diabetes (serum glucose $126 mg/dL fasting or $200 mg/dL 2 hours following a 75 g oral glucose load, or the use of insulin or oral medications for diabetes), CVD history (stroke, angina, myocardial infarction, or other coronary heart disease), and baseline CASI score (continuous). CVD history was assessed through participant interview, electrocardiography, and medical record review. Midlife SBP was estimated as the mean from the Use of any antihypertensive medications in midlife, without respect to class, was determined at the first 3 HHP examinations. Education history (years of completed schooling, continuous) and childhood years spent in Japan (,/$5 years) were obtained at the HHP baseline. Genotyping for APOE e4 (1 or 2 alleles vs none) was performed at Duke University, Durham, North Carolina, using conventional methods. 25 Outcomes. Cognitive assessments began in 1991-1993 using a standardized protocol described previously. 21, 23 Cognitive function was tested using the 100-point CASI, a combination of the Hasegawa Dementia Screening Scale, the Folstein Mini-Mental State Examination, and the Modified Mini-Mental State Examination. 26 The CASI was used to identify a subgroup for further dementia evaluation. 21, 23 Dementia is not included as an outcome for our analyses as some men with cognitive impairment declined full dementia evaluations.
Cognitive impairment was defined as a CASI score ,74 (16th percentile of all baseline scores), independent of dementia classification, using the last available score. In prior HAAS analyses, a CASI score ,74 had ;80% sensitivity and 90% specificity for identifying dementia. 27 Cognitive decline was defined as a decrease in CASI score of $9 points, using the difference between the first and last available scores (9 points representing ;1 SD unit of decline in scores between the first 2 cognitive examinations for all men).
Statistical analyses. We compared participant characteristics according to medication categories using analysis of variance for continuous variables and x 2 tests for categorical variables. We used Cox proportional hazards models to estimate incidence rate ratios (IRR) and 95% confidence intervals (CI) for cognitive impairment and decline according to medication categories. Person-years of follow-up were calculated as the time from the baseline HAAS examination to the development of the outcome, censoring, or end of follow-up (September 23, 2010), whichever occurred first. Available CASI scores were used to calculate the average change in score per year of follow-up. Average yearly change in score was summed across years of follow-up to define the date at which an outcome was met.
Three multivariable-adjusted models were considered. Model 1 adjusted for age, education, APOE e4 status, childhood years in Japan, and baseline CASI score. Model 2 adjusted for the variables in model 1 plus BMI, smoking, alcohol consumption, physical activity, diabetes, and CVD. Model 3 adjusted for the variables in model 2 plus HAAS baseline PP and HR. Additional analyses adjusted for baseline SBP, midlife SBP, 3 and midlife antihypertensive medication use.
Secondary analyses were performed to explore alternative explanations for the observed associations. We examined men without prior CVD to minimize potential confounding by indication for medication use. We used information from examinations 4 and 6 to evaluate consistency of BB use over ;6 years. Separate models included joint terms between medication categories and diabetes, baseline PP (,/$70 mm Hg), SBP (,/$150 mm Hg), or age (#/.75 years). The likelihood ratio test (LRT) was used to assess effect modification, contrasting age-adjusted models with and without interaction terms. Other analyses stratified men by duration of any antihypertensive medication use prior to baseline (,/$5 years). We excluded men with ,1 year of follow-up to minimize bias related to early censoring. Two-sided p values are reported; p , 0.05 was considered statistically significant. Analyses were performed using SAS version 9.2 (SAS Institute, Inc., Cary, NC). Cognitive decline ($9-point decrease in CASI score) occurred in 1,167 men (53.1%). BB use was also associated with a trend toward a decreased risk of cognitive decline: model 2 IRR 0.78 (95% CI 0.61-1.00) for BB use alone; 0.81 (95% CI 0.64-1.03) for BB in combination with other drugs. None of the other drug categories was significantly associated with cognitive decline (data not shown).
RESULTS
Limiting analyses to men without prior CVD at baseline, BB use remained strongly associated with a reduced risk of cognitive impairment at follow-up, as compared with no antihypertensive medication use (model 2 IRR 0.65; 95% CI 0.46-0.92; table 3). Other drug categories were not significantly associated with cognitive impairment. Further adjustment for PP, HR, SBP, midlife SBP, and midlife antihypertensive medication use, and excluding those with ,1 year of follow-up, yielded similar results (IRR 0.65; 95% CI 0.45-0.94).
The results of secondary analyses are shown in figure 2 , comparing any BB use (alone or in combination with other antihypertensive medications), other drugs, and no antihypertensive drug use (reference group). Any BB use at baseline was associated DISCUSSION In this large prospective cohort, BB use was consistently associated with a lower risk of developing cognitive impairment. The associations remained statistically significant after adjustment for multiple potential confounders and did not appear to be mediated by baseline HR, PP, or SBP. Furthermore, BB use remained protective against cognitive impairment when limiting analyses to men without a history of CVD, suggesting that confounding due to CVD as an indication for BB treatment did not alter the aggregate findings. Risk of cognitive impairment with BB use was particularly reduced among men with diabetes at baseline, older men (.75 years; with statistical effect modification), and those with a higher baseline PP ($70 mm Hg). These groups may be more vulnerable to the hypertensive microvascular injury against which BB treatment may protect. Among men with higher baseline SBP ($150 mm Hg), BB use was not significantly associated with a lower risk of cognitive impairment, suggesting that medication class may be less relevant if the SBP is not adequately controlled. Previous studies provide limited and conflicting information regarding the effects of antihypertensive medication use on cognition. Any antihypertensive drug use, and particularly diuretic use, was associated with a lower risk of Alzheimer disease in a prospective study, although follow-up was 3 years and included 104 cases. 28 BB use was associated with delay of functional decline in a small study of persons with Alzheimer disease. 18 In a retrospective analysis, lower rates of cognitive decline were observed with diuretic, ACE inhibitor, and BB use in the elderly, and improved cognition was seen with angiotensin receptor blockers (ARB). 17 Another retrospective, casecontrol study showed decreased odds of dementia with BB use during the preceding 3 years. 19 However, a small, 6-year follow-up study suggested worse cognitive decline among those with BB and ACE inhibitor use, and improved cognition with calcium channel blocker use in the elderly. 20 ARB treatment has also been linked to a reduced risk of Alzheimer disease among persons with a history of CVD, as compared with other cardiovascular drugs; however, this analysis used administrative data without validated outcome assessment and did not assess BB use specifically. 29 In an autopsy series of hypertensive subjects, ARB use was associated with less Alzheimerrelated pathology but more strokes, as compared with other antihypertensive and no drug treatment, although BB use alone was not evaluated. 30 Clinical trial data are similarly limited. In a small trial of 31 participants, ARB treatment was associated with greatest improvement in executive function, comparing lisinopril, candesartan, and hydrochlorothiazide; however, BBs were not studied, and follow-up was 12 months. 31 Larger trials of diuretics, calcium channel blockers, and ACE inhibitors, which also did not evaluate BBs, have provided conflicting results regarding cognitive decline during 2-year follow-up. 15, 16 Potential mechanisms for a protective effect of BB on cognition remain unclear. In mouse models of Alzheimer disease, carvedilol appeared to reestablish basal synaptic transmission, enhance neuronal plasticity, suppress neuronal hyperexcitability, 12 and attenuate brain b-amyloid content and cognitive deterioration. 13 Another study found improved cognitive measures and fewer brain amyloid and tau pathologies with propranolol treatment in a senescence-accelerated mouse model. 14 In prior HAAS analyses, lower plasma b-amyloid was associated with an increased risk of Alzheimer disease and cerebral amyloid angiopathy at autopsy, particularly among those with elevated midlife blood pressure, suggesting that hypertension may lead to microvascular injury, promoting amyloid angiopathy and impaired b-amyloid clearance from the brain. 32 It has also been suggested that, among the elderly, aortic stiffness may increase pulsatile energy in the cerebral vasculature, with subsequent microvascular damage and thereby worsening of cognitive function. 33 We hypothesize that, among individuals with hypertension, BB use may provide neuroprotection through alterations in cerebral blood perfusion, improvement of microvascular integrity, and possibly reduction of subsequent neuropathology, including cerebral angiopathy, amyloid deposition, widening of periarteriolar spaces, microinfarcts, and atrophy. Adjustment for PP, HR, and SBP did not attenuate the association between BB use and cognitive impairment in our analyses, perhaps because pretreatment measurements were not available to evaluate changes in these parameters with treatment. Alternatively, BB use may provide cognitive protection through mechanisms other than those mediated by these hemodynamic measures.
Strengths of our study include its prospective design, large sample size, duration of follow-up, information on multiple covariates assessed with standardized methods in mid and late life, evaluation of multiple drug categories, and validated outcome assessment. These strengths support the validity of our study and distinguish it from the limitations of prior studies. Certain limitations should be considered in the interpretation of our findings. The study sample was restricted in participant race and sex, possibly limiting the generalization of results, although the demographics also restrict potential confounding by these factors. Secondly, we did not have complete information on duration of specific medication use or adherence. Although BB use at both examinations 4 and 6 appeared to confer a lower risk of cognitive impairment, the time of medication initiation was not available, so that changes in blood pressure with treatment could not be examined. However, previous analyses from the HAAS have shown that lowering midlife SBP can prevent late-life dementia. 11 Third, these analyses did not account for the competing risk of death prior to the outcomes of interest. We did not, however, find substantial differences in the results after excluding men with ,1 year of follow-up. Fourth, ARB use, which was introduced after the baseline cognitive examination, was not studied. Finally, we did not evaluate receptor selectivity of BB medications, and therefore were not able to determine whether results were modified by mechanism of BB subtype.
We found that BB use was consistently associated with a lower risk of developing cognitive impairment among elderly Japanese American men, with stronger results among those with diabetes, elderly men, and those with higher PP at baseline. To our knowledge, this is the largest prospective study to demonstrate a protective effect of BB use on cognitive function. Our findings warrant further study, including confirmation or refutation in other populations and evaluation of neuropathologic outcomes.
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